A
cardinal feature of the adaptive immune response is its ability to generate long-lived populations of memory T lymphocytes (1) . Memory T cells are specific to the antigen encountered during the primary immune response and react rapidly and vigorously on re-encounter with the same antigen. Memory T cells that recognize microbial antigens provide the organism with long-lasting protection against potentially fatal infections. On the other hand, memory T cells that recognize donor alloantigens could jeopardize the survival of life-saving organ transplants (2) . Therefore, understanding the fundamental mechanisms that govern memory T cell activation is important for vaccine development as well as the design of effective strategies for preventing allograft rejection.
The adaptive immune response is initiated within secondary lymphoid organs where naïve T cells encounter foreign antigen, are activated, and differentiate into effector cells (3) (4) (5) . The majority of T cells participating in a primary immune response rapidly undergo apoptosis after the foreign antigen is eliminated, and only a small proportion of these cells survive to become memory T cells. Unlike naïve T cells whose homing is restricted to secondary lymphoid organs, memory T cells migrate to nonlymphoid tissues in the periphery (6) (7) (8) . Recent studies have shown that memory T cells isolated from the nonlymphoid tissues of immunized mice have immediate ex vivo effector functions (6, 7) . However, it remains unclear whether memory T cells can mount a productive immune response that leads to antigen clearance and the generation of more memory T cells in vivo independent of secondary lymphoid organs. Here we addressed these questions by examining whether allospecific memory T cells can mediate the rejection of cardiac allografts and generate more memory T cells in mutant mice that lack secondary lymphoid organs. We demonstrate that, unlike naïve T cells, antigen-experienced memory T cells mount a productive alloimmune response and beget more memory T cells independent of secondary lymphoid organs. We also show that these unique properties of memory T cells are not shared by memorylike T cells that arise from the homeostatic proliferation of naive T lymphocytes in the absence of antigenic stimulation.
Methods
Mouse Strains. B6 mice homozygous for the mutation that leads to alymphoplasia (aly͞aly) (CLEA Japan, Tokyo) (9), recombination activating gene-2 knockout (Rag2
) B6 mice (The Jackson Laboratory), and 2C T cell receptor-transgenic (TCRtg) B6 mice were housed in specific pathogen-free environment. Wild-type (wt) BALB͞c and B6 mice were purchased from The Jackson Laboratory.
Mouse Surgery and Tissue Analysis. Heart donors were 6-to 8-week-old BALB͞c (H-2   d   ) , and recipients were 6-to 8-week-old splenectomized B6 aly͞aly (H-2 b ) mice. Splenectomy was performed 2 weeks before heart transplantation as follows: A 1.5-cm skin incision was made under anesthesia midway between the last rib and the hip, the peritoneal membrane was opened, and the entire spleen was removed intact after ligating the splenic vein and artery at the hilum. The peritoneal membrane and the skin were then closed separately. This procedure ensures that the spleen is removed in total and that no splenic fragments are left behind as confirmed by examining the mice at the time of death. Fully vascularized heterotopic heart transplantation was performed as described (5, 10) . Transplanted mice were monitored daily, and rejection was defined as cessation of palpable cardiac contractions. Grafts were harvested at the time of rejection or at 100 days after transplantation in mice that did not reject their allografts. Graft tissue was fixed in B5 solution, embedded in paraffin, sectioned, and stained with hematoxylin͞eosin or antimouse CD3 (PharMingen) followed by peroxidase-conjugated secondary antibody.
T Cell Preparation, Phenotyping, and Adoptive Transfer. An adoptive transfer model in which a small proportion of allospecific CD8ϩ TCR-tg (2C) lymphocytes are parked in syngeneic wt hosts was used to prepare naïve and memory T cell populations. 2C lymphocytes recognize the L d BALB͞c alloantigen and therefore serve as a marker of allospecific T cells (11) . Spleen and lymph node cells from naïve 2C mice (B6 background) were pooled and enriched for T cells by nonadherence to nylon wool. A population of enriched T cells containing 5 ϫ 10 6 transgenic (CD8 ϩ 1B2 ϩ ) lymphocytes (1B2 is the clonotypic antibody that recognizes the transgenic TCR) was then injected i.v. into syngeneic wt B6 mice on day 0. The mice were immunized with 3 ϫ 10 7 BALB͞c splenocytes in PBS i.p. on days 2 and 10 to generate allospecific memory T cells or were left unimmunized to obtain naive T cells. Ten weeks later, spleen and lymph node cells were pooled and enriched for 2C T cells by magnetic cell separation (MACS) (Miltenyi Biotec, Auburn, CA). MACS was performed by depleting MHCII ϩ cells followed by positive selection of 1B2 ϩ cells. The CD8 ϩ 1B2 ϩ (2C) cells present in the enriched naïve and memory populations were then quantitated before adoptive transfer by flow analysis using an anti-mouse CD8 antibody conjugated to phycoerythrin (PharMingen) and 1B2 IgG1 mAb followed by anti-mouse IgG1 antibody conjugated to FITC (Zymed) (12) . The naïve and memory CD8 ϩ 1B2 ϩ cell populations were also phenotyped by flow analysis using anti-CD44-biotin͞streptavidin-PerCP, anti-CD62L-APC, anti-CD25-APC, anti-1B11 followed by biotin-IgG2a͞streptavidin-PerCP, and appropriate isotype antibody controls (all antibodies were purchased from PharMingen). Finally, a population of 5-10 ϫ 10 6 enriched naïve or memory T cells containing a constant number of CD8 ϩ 1B2 
1B2
ϩ cells present in the enriched naïve Rag2Ϫ/Ϫ and memory Rag2Ϫ/Ϫ populations were then quantitated and phenotyped before adoptive transfer as described in the previous paragraph. Finally, a population of 5-10 ϫ 10 6 enriched memory Rag2Ϫ/Ϫ or naive Rag2Ϫ/Ϫ T cells containing a constant number of allospecific 2C T cells (1.5 ϫ 10 5 ) was adoptively transferred to splenectomized aly͞aly recipients of BALB͞c hearts 2 days after transplantation. As an additional control, a group of transplant recipients received a mixture of freshly isolated naive 2C (1.5 ϫ 10 5 ) and naive wt B6 T cells (total number ϭ 5 ϫ 10 6 T cells).
Phenotyping and Quantitation of 2C T Cells Recovered from Trans-
planted Mice. Blood was collected from a splenectomized aly͞aly transplant recipient at the time of rejection or at 100 days after transplantation in mice that did not reject their grafts. After RBC lysis, CD8 ϩ 1B2 ϩ T cells present in the blood were quantitated and phenotyped by flow analysis as described above. The number of retrieved 2C T cells was extrapolated according to the following formula: % CD8 ϩ 1B2 ϩ cells ϫ number of cells per ml blood ϫ 2 ml (estimated volume of blood per mouse). In each mouse studied, the number and phenotype of recovered 2C T cells were compared with the number and phenotype of the 2C T cells that were injected 2 days after transplantation.
Cytotoxic T Lymphocyte (CTL) Activity. Spleen and lymph node T cells were harvested from wt B6 mice harboring either naïve or memory T cells (same as donor mice used in the adoptive experiments described above) were pooled, enriched for CD8 ϩ T cells by magnetic cell separation (MACS), and immediately assayed for ex vivo CTL activity against BALB͞c target splenocytes. Another group of wt B6 mice harboring memory T cells was rechallenged with 2 ϫ 10 7 BALB͞c splenocytes i.p. and s.c. 2 days before ex vivo CTL assay. Allospecific CTL activity was measured by incubating the CD8-enriched T cells with either Con A-activated (H-2 d ) BALB͞c target cells or third-party cells, LK35.2 (H-2 k ) (American Type Culture Collection) for 3 h. Target cells were labeled with calcein-AM (Molecular Probes), and calcein release was measured in a LS50B luminescence spectrometer (Perkin-Elmer) (17) . Experiments in which spontaneous calcein release was more than 25% of maximal release were excluded. Antigen-specific cytotoxic activity was calculated according to the following formula: % specific lysis ϭ 100 ϫ [(sample release Ϫ spontaneous release)͞(maximum release Ϫ spontaneous release)]. The ex vivo CTL activity of RBC-lysed peripheral blood cells from splenectomized aly͞aly recipients of BALB͞c cardiac allografts was measured by the same method. ). Moreover, CD8 T cells from immunized mice lacked immediate, allospecific, ex vivo CTL activity but rapidly acquired such activity upon in vivo rechallenge with BALB͞c splenocytes (Fig. 1B) , suggesting that the harvested population contained predominantly central memory T cells. No cytolytic activity was observed against third-party target cells. After transfer to transplanted, splenectomized aly͞ aly hosts, the naive T cell population failed to induce cardiac allograft rejection (Fig. 1C) . This finding is consistent with the dependence of naïve T cells on secondary lymphoid organs to mount a primary alloimmune response (5) . In contrast, the T cell population that contains memory T cells induced prompt acute rejection of cardiac allografts upon transfer to splenectomized aly͞aly hosts (Fig. 1B) . Histopathologic examination confirmed that allograft loss in mice that received memory T cells was caused by high-grade acute rejection characterized by heavy infiltration of the myocardium with CD3 ϩ cells (Fig. 1D) . On the other hand, cardiac allografts accepted by mice that received naive T cells did not exhibit histopathologic findings of rejection and were free of CD3 ϩ cell infiltrates (Fig. 1D) . These results establish that memory, but not naive, T cells mount a productive immune response in vivo that leads to allograft rejection independent of secondary lymphoid organs.
Results

Memory T Cells Mediate
Memory-Like T Cells Have Intermediate in Vivo Function in the
Absence of Secondary Lymphoid Organs. Naive T cells transferred into a lymphopenic host undergo homeostatic proliferation and acquire memory-like markers in the absence of antigen-specific stimulation (13) (14) (15) (16) . However, it is not known whether these cells function in vivo as antigen-experienced, ''true'' memory T lymphocytes or as naïve T cells. To address this question, we transferred a mixture of naive B6 and 2C T cells that were parked for 10 weeks in lymphocyte-deficient Rag2 Ϫ/Ϫ mice (naive Rag2Ϫ/Ϫ ) to splenectomized aly͞aly mice transplanted with BALB͞c hearts. Control mice received an equal number of either un- Fig. 1 . Memory T cells mediate allograft rejection independent of secondary lymphoid organs. Naïve and memory T cells were generated in wt hosts and adoptively transferred to splenectomized aly͞aly heart transplant recipients as described in Methods. Identical enrichment methods were applied to naïve and memory T cells. Fig. 2A) , but unlike antigen-experienced memory Rag2Ϫ/Ϫ T cells, the naive Rag2Ϫ/Ϫ population did not consistently induce allograft rejection in splenectomized aly͞aly recipients (Fig. 2B) . As shown in Fig. 2B , acute allograft rejection occurred in only one of four mice that received naive Rag2Ϫ/Ϫ T cells. Naive Rag2Ϫ/Ϫ T cells also behaved differently from the unparked naive population in that they infiltrated cardiac allografts that were still functioning at 100 days after transplantation whereas the naive T cells did not (Fig. 2C) . Therefore, memory-like T cells arising from the homeostatic proliferation of naive T cells in the absence of antigenic stimulation have intermediate in vivo function in mice that lack secondary lymphoid organs and thus are distinct from either naive or true memory T cells. 
CD8 Memory T Cells Generate More Memory T Cells in the Absence of
Secondary Lymphoid Organs. It has been proposed that central memory T cells that reside in secondary lymphoid organs are responsible for replenishing the memory pool whereas effector memory T cells that circulate through peripheral tissues exert effector functions upon reencounter with antigen but do not generate more memory T cells (6, 18) . We addressed this hypothesis by testing whether secondary lymphoid organs are necessary for propagating T cell memory. Specifically, we asked whether the transferred memory T cell population that leads to cardiac allograft rejection in mice devoid of secondary lymphoid organs (as shown in Fig. 1 ) gave rise to more memory T cells. To answer this question, we quantitated and phenotyped 2C T cells present in the blood of splenectomized aly͞aly hosts at the time of graft harvest and compared them to the number and phenotype of the 2C T cells that were injected 2 days after transplantation. Antigen-experienced memory 2C T cells generated in B6 mice (memory) or in Rag2 Ϫ/Ϫ mice (memory Rag2Ϫ/Ϫ ) increased significantly in number (5-to 40-fold increase) after allograft rejection and retained their memory phenotype (Fig. 3 A and B) . In contrast, the memory-like 2C T cell population (naive Rag2Ϫ/Ϫ ) generated in the absence of antigenic stimulation increased by only 2-fold and did not retain the CD44 high phenotype irrespective of whether allograft rejection occurred or not. Naive 2C T cells, on the other hand, retained their naive phenotype and appeared to have decreased in number 100 days after transplantation. Moreover, the T cell population retrieved from the blood of the memory group exhibited immediate ex vivo CTL activity against BALB͞c target splenocytes, suggesting that it contained functional memory T cells, predominantly of the effector subset (Fig. 3C ). These findings indicate that antigen-experienced, true memory T cells beget more memory T cells in the absence of secondary lymphoid tissue.
Discussion
Allograft rejection is a T cell-dependent process mediated by either CD4 or CD8 T cells (19) . Using cardiac allograft rejection as a readout for in vivo memory T cell function, we demonstrated here that an unfractionated population of antigen-experienced memory T cells mounts a productive immune response and generates more CD8 memory T cells independent of secondary lymphoid organs. These characteristics of antigen-experienced, true memory T cells were not shared by either naïve T cells or memory-like T cells generated in the absence of antigenic stimulation. Although our experimental approach does not distinguish between CD4 and CD8 memory recall, it approximates physiologic conditions wherein CD4 and CD8 T cells function in unison during alloimmune responses. Our observation that the number of memory CD8 TCR-tg lymphocytes (2C) increases after allograft rejection in splenectomized aly͞aly hosts indicates that the propagation of CD8 memory T cells is also independent of secondary lymphoid organs. Whether CD4 memory T cells follow the same rules as their CD8 counterparts remains to be tested in a system where alloreactive CD4 T cells can be tracked and quantitated.
Recent studies have suggested the existence of two subsets of memory T cells: one that circulates through secondary lymphoid organs (central memory) and another that circulates through nonlymphoid tissues (effector memory) (6, 7, 18) . It has also been proposed that the extralymphoid effector memory T cells are poised for immediate response to foreign antigen in the periphery whereas central memory T cells are specialized to proliferate within secondary lymphoid organs to generate more memory T cells (20) . The memory T cell population studied in our experiments was isolated from the spleens and lymph nodes of immunized mice and lacked immediate ex vivo cytolytic activity (but rapidly acquired such activity upon antigenic recall), suggesting that it contained predominantly central CD8 memory T cells. Interestingly, this memory population mounted a productive immune response and generated more effector memory T cells in mice that lack secondary lymphoid organs. Our results therefore suggest that a CD8 memory population consisting predominantly of central memory T cells is not only capable of mounting a productive immune response outside secondary lymphoid organs but also expands the effector memory pool without homing to secondary lymphoid tissues. It remains possible that the expansion of the central memory pool, on the other hand, depends on antigen re-encounter within secondary lymhoid tissues (6, 21) .
Alymphoplasia in aly͞aly mice is caused by a recessive mutation in the gene encoding Nf-b-inducing kinase (NIK) (22) . Although adoptively transferred memory T cells used in our experiments did not contain the NIK mutation, it is possible that the absence of functional NIK in host cells could have influenced the migration or function of the transferred T cells caused by dysregulated cytokine or chemokine production in extralymphoid tissues. We believe that this possibility is unlikely as the only significant immune defects in aly͞aly mice that cannot be attributed to the absence of secondary lymphoid tissues are restricted primarily to B cells (23) , and the expression of chemokine and chemokine receptors involved in lymphocyte homing appears to be normal in these mice (24) .
The data presented here underscore that immunologic memory is not merely the consequence of increased frequency of antigen-specific naïve T cells but is caused by the presence of a qualitatively distinct population of memory T cells. These memory T cells differ from their naïve counterparts in that they respond to foreign antigen outside the context of secondary lymphoid organs. This property, which is shared by memory B cells (25) , endows the host with the ability to rapidly eliminate dangerous microbes shortly after their entry into peripheral tissues. On the other hand, this same property of memory lymphocytes poses a formidable obstacle to the long-term survival of organ transplants as current immunosuppressive agents are designed to target the homing and activation of naïve lymphocytes.
